We clarified the appearance of albino seedlings caused by plastome-genome incompatibility in intersectional hybridisation between evergreen azaleas and deciduous Rhododendron japonicum f. flavum. Intra-and inter-ploid crosses of 2x and 4x evergreen azaleas x 2x R. japonicum f. flavum, respectively, showed high capsule set, but their reversed crosses resulted no capsule set. Green and albino hybrids were obtained from 2x evergreen azaleas x 2x R. japonicum f. flavum where ptDNAs of the green and albino plants were derived from R. japonicum f. flavum (paternal parent) and evergreen azaleas (maternal parents), respectively. All the progenies in the crosses of 4x evergreen azaleas x 2x R. japonicum f. flavum were green triploids with evergreen azalea-derived ptDNA. The efficiency of obtaining green hybrids in inter-ploid crosses was higher than that in intra-ploid crosses. These results suggest that inter-ploid crosses of 4x evergreen azaleas x 2x R. japonicum f. flavum can overcome plastome-genome incompatibility between evergreen azalea-derived plastome and hybrid nuclear genome.
INTRODUCTION
Many breeders have tried to produce yellow-flowered evergreen azaleas by intersectional crossings between evergreen and yellow-flowered deciduous species, such as Rhododendron japonicum f. flavum Suringer or R. molle G. Don (Noguchi, 1932; Akabane et al., 1971; Heursel, 1981; Kunishige, 1984; Yamaguchi et al., 1985) . Hybrid seeds can be obtained only when evergreen species was used as seed parents, and most of the progenies from the crossings were albino or pale-green caused by plastome-genome incompatibility between evergreen and deciduous species (Ureshino et al., 1999) . Green progenies were obtained only when plastid DNA (ptDNA) of the seedlings was inherited from deciduous in the crosses ( Fig. 1 (1) , (2)). Ureshino and Miyajima (2002) also reported that an unexpected triploid progeny, which had 2x nuclear genome from evergreen species and 1x nuclear genome from deciduous species with ptDNA of evergreen species (Fig. 1 (3) ), was obtained in 2x evergreen species x 2x deciduous species. It vigorously grew after acclimatization with green leaf colour.
Considering these results, we hypothesized that crosses between 4x evergreen and 2x deciduous species might provide vigorous green hybrids having 2x nuclear genome from evergreen and 1x nuclear genome from deciduous species with the ptDNA from evergreen species. The purpose of this study is to establish the effective breeding system for obtaining green hybrids from evergreen x deciduous species through inter-ploid crossings.
MATERIALS AND METHODS

Intra-and Inter-ploid Crosses
Intersectional intra-and inter-ploid crosses between evergreen azaleas, R. indicum [No. 1, 2 and 3] (coded as IND1, 2 and 3, respectively), and yellow-flowered deciduous azaleas, R. japonicum f. flavum [No. 1 and 2] (coded as JPN1 and 2, respectively), were conducted from 24 April to 12 June 2000 (Table 1 ). Flowers of pistillate parents were emasculated and covered with paper bags about 7 days before anthesis and pollinated at anthesis with fresh or one-year-old pollen stored at -20°C. All pollinated flowers were re-covered with paper bags to prevent from contamination by undesirable pollen.
Seed Culture
Capsules were collected 180 days after pollination and sterilized in 1% sodium hypochlorite solution for 15 min followed by rinsing in sterile distilled water. After sterilizing, seeds were taken from the capsules, and then cultured on Anderson's rhododendron medium (Anderson, 1984) supplemented with 30 gL -1 sucrose and 50 mgL -1 GA 3 , having pH 5.0 and solidified with 3.5 gL -1 gellan gum. The cultures were incubated at 25°C in a growth chamber under the light (ca. 44.73 µmolsec -1 m -2 ) of 16 hr daylength. Germinated seedlings were transferred to the medium with 10 mgL -1 N 6 -[2-isopentenyl] adenine (2ip), 30 gL -1 sucrose and 3.5 gL -1 gellan gum having pH 5.0 to induce multiple shoots, and their leaf colours were observed.
Isozyme Analysis
Approximately 0.2 g multiplied shoots or leaves were homogenized in a pre-chilled mortar with 1 ml extraction buffer as described by Wendel and Parks (1982) . Crude extracts were soaked up by filter paper wicks (Whatman no. 3, 11 x 3 mm) and immediately used for electrophoresis. Electrophoresis was carried out in 12.8 % starch gels for all gel systems. A pH 5.7 histidine-citrate gel and electrode buffer (Wendel and Parks, 1982) were used to resolve malate dehydrogenase (MDH, EC 1.1.1.37). A Tris-citrate, pH 7.0, gel system with slight modification was used to resolve gulucosephosphate isomerase (GPI, EC 5.3.1.9) and phosphoglucomutase (PGM, EC 2.7.5.1). The modification was that the concentration of the gel buffer used in this experiment was as twice as that used by Wendel and Parks (1982) . Histidine-citrate gels were run at 50 mA for 7 hr. Tris-citrate gels were run at 45 mA for 15 hr. All gels were run in a refrigerated cabinet at 4°C. Slices from the starch gel were stained for GPI, MDH and PGM following Wendel and Weeden (1989) . The nomenclature system by Miyajima et al. (2001) was used to designate isozymes and loci.
Assessment of Ploidy Levels with Flow Cytometry
The assessment of ploidy levels was done by flow cytometry. Multiple shoots or young leaves were chopped with a sharp razor blade in nuclei extraction buffer (High resolution DNA kit, Partec), and the suspension containing released nuclei was passed through a 50 µm filter. Then, the nuclei in filtrate were stained with four times volumes of staining solution (High resolution DNA kit, Partec) containing 4'-6-diamidino-2-phenylindole (DAPI). After shaking the solution gently, samples were analyzed with a flow cytometer (PA Ploidy Analyzer, Partec). Relative DNA content was estimated according to the prominent peak in each measurement.
DNA Isolation
Total genomic DNA was extracted from 70 mg of frozen multiple shoots by the modified CTAB method (Kobayashi et al., 1998) . The frozen multiple shoots were powdered with a mortar and a pestle, and washed three times with 1 ml of 50 mM Tris-HCl buffer (pH 8.0) containing 5 mM of EDTA, 350 mM of sorbitol, 0.1 % of mercaptoethanol and 10 % polyethylene-glycol 6000. The pellet was suspended in 500 µl of CTAB buffer, separated with chloroform/isoamyl alcohol (24:1), and centrifuged at 12,000 r.p.m. for 5 min at room temperature. The aqueous layer was transferred into 1.5 ml micro tubes, and the DNA was precipitated by isopropanol, washed with 70 % ethanol, and dried. The DNA was, then, dissolved in Tris-EDTA buffer.
PtDNA Amplification
MatK region of ptDNA was amplified via polymerase chain reaction (PCR). MatK is a maturase coding gene located within the intron of transfer RNA gene for lysine (trnK) (Johnson and Soltis, 1994) . Primer sequences were 5'-GGGGTTGCTAACTCAACGG for trnK-3914F and 5'-AACTAGTCGGATGGAGTAG for trnK-2R, both reported by Johnson and Soltis (1994) . PCR amplifications were carried out in a total volume of 25 µl solution containing 25 ng of template DNA, 0.5µM of each primer, 2.0 mM of MgCl 2 , 0.1 mM of dNTPs, 2.5µl of 10 x reaction buffer and 0.5 unit of Taq DNA polymerase (Boehringer Mannheim).
Amplification was carried out using Program Temp Control System PC-700 (ASTEC) with one cycle at 94°C for 4 min and 35 cycles of 30 sec at 94°C, 40 sec at 48°C and 3 min at 72°C and one cycle at 72°C for 10 min.
Restriction Endonuclease Analysis of Amplification Products
The PCR products were digested with 2.5 units of Taq I (TOYOBO) at 65°C for 1 hr. After digestion, the restriction fragments were separated by electrophoresis in 1.5 % agarose (SIGMA) gels containing 0.005 % ethidium bromide at 100 V for 40 min. Restriction fragments were photographed under ultraviolet illumination.
RESULTS
Capsule Set and Number of Seeds
All the crosses using deciduous azaleas (JPN1 and 2) as seed parents failed to produce capsules (Table 1) . In contrast, capsules were obtained in all the intra-and inter-ploid crosses when evergreen species (IND1, 2 and 3) were used as seed parents.
In intra-ploid crosses of 2x species, average number of seeds per capsule was approximately 160 in the crosses with 2x IND1 and 2 as seed parents (Table 1) . More than 200 seeds per capsule were obtained in the inter-ploid cross of 4x IND3 x 2x JPN2.
Seed Germination and Green Plant Appearance
Germination rate was lower (20.7 %) in the cross with 4x IND3 than that in the crosses using 2x IND1 and 2 (approximately 70 %) ( Table 1) .
All the seedlings in 2x IND2 x 2x JPN1 were albino. The frequency of green plants in the cross using 2x IND1 as seed parent was 1.8 %. No albino seedlings were observed and the survival rate of the green seedlings was higher (61.9 %) in the inter-ploid cross with the 4x IND3 as seed parent than in the intra-ploid crosses.
Confirmation of Hybridity by Isozyme Analysis
Staining results for the enzymes indicated two loci for GPI, MDH and PGM, as reported by Miyajima et al. (2001) . The hybridity of the offspring was confirmed because all of the offspring individuals had both specific alleles of evergreen azaleas (IND1, 2 or 3) and deciduous ones (JPN1 or 2).
When using 2x IND1 and 2 as seed parents, band intensity from both parents in the hybrids was approximately the same at all loci. On the other hand, when using 4x IND3 as seed parents, the bands from the seed parents were more and denser at three loci of Gpi-2, Mdh-2 and Pgm-2 than those from 2x JPN2, the pollen parents. These phenotypes were explainable by gene dosage effect in all loci.
Ploidy Levels of Progenies from each Cross
The fluorescent intensity of the prominent peaks in the 4x evergreen azalea (IND3) was almost doubled value in the 2x ones (IND1 and 2). It was higher in 2x deciduous azaleas (JPN1 and 2) than in 2x evergreen azaleas. Values of fluorescent intensities of the progenies from 2x IND1 or 2 x 2x JPN1 and from 4x IND3 x 2x JPN2 were intermediate between those of the seed and pollen parents, severally.
Relationship between Leaf-colours of the Progenies and PtDNA Inheritance
A single band was obtained by PCR amplification in each plant, and the size (2,350 bp) of DNA fragments, indicating matK region, was also the same in the parents and their hybrids. After the digestion of PCR products with Taq I, polymorphism of restriction fragments was observed in the parents and their hybrids.
Both 2x and 4x evergreen azaleas (IND1, 2 and 3) showed the same banding pattern with two specific restriction fragments (980 and 530 bps), whereas all individuals of 2x deciduous azaleas (JPN1 and 2) had one specific restriction fragments (1,510 bp). In the cross using 2x IND1 and 2 as seed parents, ptDNA in albino hybrids showed only maternal banding patterns, whereas that in green hybrids displayed paternal banding patterns. Only maternal banding patterns were recognized in all the green hybrids in the cross using 4x IND3 as seed parents.
Relationship between leaf colours and ptDNA inheritance of the hybrids from intraand inter-ploid crossings is summarized in Table 2 . Albino progenies from all crossings contained maternal ptDNA. Green progenies had patertnal ptDNA in the intra-ploid crossings using 2x IND1 as seed parents, whereas they had maternal ptDNA in the inter-ploid crossing with 4x IND3 as seed parent.
DISCUSSION
The isozyme analysis of F 1 plants revealed that all of the seedlings from the crosses were zygotic origin in this study. For example, seedlings from 4x evergreen azalea x 2x deciduous azalea indicated typical trigenic banded phenotypes. Judging from the isozyme patterns, these triploidy plants were produced by fertilization between 2x genome from 4x evergreen azalea and 1x genome from 2x deciduous azalea. The results of the isozyme and flow cytometric analyses indicate their usefulness for the selection of the hybrids and for estimation of ploidy levels of the progenies, respectively in azalea breeding.
Similar phenomenon of the maternal and paternal ptDNA inheritance in interspecific crosses was observed in Zantedeschia, and the close relationship between ptDNA inheritance and leaf colour of the progenies was identified (Yao et al., 1994) . Paternal ptDNA inheritance was reported in some interspecific crosses in azalea (Kobayashi, 1996; Ureshino et al., 1999; Michishita et al., 2002) . Appearance of albino plants, resulting from the inhibition of chloroplast development, is considered to be caused by plastome-genome incompatibility (Kirk and Tilney-Bassett, 1978; Hagemann, 1992) .
The present study demonstrated the ptDNA inheritance of the progenies from the crossings between evergreen and deciduous azaleas. As Ureshino et al. (1999) reported, close relationship between ptDNA inheritance and leaf colour of the progenies was recognized in this study. Plastid DNA of all green progenies, however, contained maternal ptDNA in the crosses between 4x evergreen x 2x deciduous azaleas (Fig. 2) . Therefore, the combination of 2x nuclear genome from evergreen azaleas and 1x nuclear genome from deciduous azalea with the ptDNA from evergreen azaleas can overcome plastome-genome incompatibility between plastome from evergreen azaleas and hybrid nuclear genome.
These results lead to the conclusion that the cross of 4x evergreen azalea with 2x deciduous azaleas is effective for overcoming plastome-genome incompatibility and for obtaining green progenies efficiently. 
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